The influences of Al substitution for Ni on the phase abundance, structures and electrochemical properties of La0.63Gd0.2Mg0.17Ni3.0-xCo0.3Alx (x = 0.0, 0.1, 0.2, 0.3, 0.4) alloys have been investigated. The main phase of Al-free base alloy is Ce2Ni7-type phase, Gd2Co7-type phase and CeNi3-type phase. After a little Al substitution, AB3 phase shifts to A2B7 phase. Further Al addition promotes the formation of CaCu5-type phase over the A2B7-type phase. The sample of x = 0.1 (AB3 to A2B7) increases cycling stability and its discharge capacity almost unchanged. The further addition of Al (A2B7 to CaCu5) still increases cycling stability, but decreases the maximum discharge capacity and high rate dischargeability. The substitution of Al elements increases the phase abundance of A2B7-type or CaCu5-type so as to improve the cycling stability. The ability of phase pulverization resistance of the metal hydride alloy at the negative electrode appeared to be the intrinsic reason of failure mode of this series of alloys.
INTRODUCTION
La-Mg-Ni system hydrogen storage alloys are determined as a new generation anode materials of nickel/metal hydride batteries because of their high discharge capacity (~410 mAh g -1 ) [1, 2] , superior high rate dischargeability [3] , environmental friendliness [4] and other advantages [5] [6] [7] [8] [9] [10] [11] [12] . However, their cycle life need to be further improved to satisfy the urgent demand for a power source with favorable overall electrochemical performance. It is well known that a large number of investigations on La-Mg-Ni-based alloy have been carried out [13] [14] [15] [16] [17] [18] . The research on the inferior cycling stability of their alloys is still further understanding. Although the intrinsic reason for the inferior cycling stability of the alloy is not clear, the previous research has accumulated a lot of valuable information. Some important enlightenments have also been drawn as follows:
(1) At present, most of the annealed La-Mg-Ni-based alloys in the study form multiphase structures, resulting in uneven distribution of alloy composition. The above mentioned greatly affects the study of the mechanism of action of rare earth elements, and it has also been difficult to make a correct analysis and evaluation of the electrochemical behavior and performance of single phase. (2) The atomic size of rare earth elements affects the phase transformation, structural stability and hydrogen induced amorphization (HIA) tendency of the alloys. The order of the atomic radii of rare earth elements is rLa ＞ rPr ＞ rCe ＞ rNd ＞ rSm ＞ rGd [11, [19] [20] [21] [22] [23] . Based on rA / rB ＞1.37 (rA and rB stand for the atomic radii of the A and B elements of the ABn alloy, respectively) [20] , it may have a profound effect on HIA and electrochemical properties of Ce2Ni7-type alloys by making use of partial replacement of La with rare earth elements with a smaller atomic radii. (3) B-side elements with larger atomic radii such as Co and Al may affect the phase structural stability and reduce or avoid the tendency of HIA, resulting in profound effect of electrochemical behavior and performance.
In addition, Young et al. [24] reported partial substitution of Al for Co in the La0.7Mg0.3Ni2.8Co0.5-xAlx (x = 0-0.2) alloys and found that the main phase shifted from A2B7 into AB5 with Al. The hydrogen storage capacity, pressure, and hysteresis in the gas phase decreased with Al. The storage capacity, high rate dischargeability and low temperature performance of the battery deteriorated with Al. It can clearly be seen that charge retention and cycling stability of the alloy improved with Al. Al elements render tremendous influence in the cycling stability of La-Mg-Ni-based AB3.3-type alloys. Therefore, the substitution method of Al elements is supposed to be promising on AB3.3-type alloys. Furthermore, by adjusting the content of low Mg and rich-lanthanum rare earth elements combined with Al, it may be an important way to further improve the cycling stability of Ce2Ni7-type alloy electrode, but this has hardly been reported so far.
Based on the discussion above, in this study, Al are used to partially substitute for Ni in La0.63Gd0.2Mg0.17Ni3.0-xCo0.3Alx (x = 0.0, 0.1, 0.2, 0.3, 0.4) alloys. The effects of the Al-substitution on the phase evolution and electrochemical performances of the alloys are investigated. The synergistic effects of Al and Gd have been illustrated. It is expected that a proper amount of Al substitution for Ni can effectively ameliorate the overall electrochemical performances, especially the cycling stability of the La-Mg-Ni-based alloys.
EXPERIMENTAL DETAILS

Sample Preparation
The alloys designed as La0.63Gd0.2Mg0.17Ni3.0-xCo0.3Alx (x = 0.0, 0.1, 0.2, 0.3, 0.4) were prepared by the induction melting method at 0.4 MPa of Ar atmosphere. The ingots were annealed for 8 hours at 1173 K under Ar pressure (0.1 MPa). A compensation of 5 wt.% of both rare earth elements and Mg was applied due to the burning loss. The purity of all elements was above 99.9 wt.%.
Structural and Electrochemical Characterization
The annealed alloy was mechanically pulverized into powder (<38 μm) for X-ray diffraction (XRD) measurement, and 400 mesh powder was used for electrochemical tests. XRD tests were measured on a Rigaku D / max-2400 diffractometer. Its power is 40 kV x 150 mA with Cu radiation. The pattern was recorded in the range of 15° to 90° in which the step size of 2θ was 0.02°. Then the collected data were analyzed by the Rietveld method [25] using Fullprof 2000 software [26] to get the lattice parameters. The backscattered electron images were obtained by making use of Electron probe micro analyzer (EPMA-1600) with wave dispersive spectroscopy (WDS), which was used to characterize the phase structure and the composition of alloys.
The annealed alloy powders of ~0.1g were selected from 54 to 61 microns and the electrodes were prepared. The alloy electrode was synthesized by cold pressing under 20 MPa pressure. It consists of a mixture, which contains the alloy powder and nickel carbonyl powder at a weight ratio of 1:3, then forms anodes with a diameter of 10 mm. The electrochemical tests were carried out in a standard open three-electrode system at 298K. The cell consists of an alloy electrode, a sintered Ni(OH)2/NiOH cathode, a Hg/HgO reference electrode, 6M KOH electrolyte and a diaphragm. Each alloy electrode is discharged to the cut-off potential -0.6 V vs. Hg/HgO reference electrode. During the activation process, the electrode was charged/discharged at a current density of 60 mA g -1 . When the cycle stability at 298 K was checked, the electrode was charged/discharged at a current density of 300 mA g -1 . Table 1 . Rietveld analysis of x = 0.1 alloys is shown in Figure 2 . It can be seen that all of alloys are multi-phase structures. The phase structures include the Ce2Ni7-type (Gd2Co7-type) phase, the CeNi3-type phase and CaCu5-type phase. From Table 1 , it can be seen that the addition of Al has significant effect on the alloy phase structures. The phase abundance of the Ce2Ni7-type (Gd2Co7-type) structure of these alloys firstly increases then decreases as Al increases. The CeNi3-type phase and CaCu5-type phase gradually decrease and increase, respectively. Compared to the Al-free alloy, the phase abundance of Ce2Ni7-type (Gd2Co7-type) structure of x = 0.1 alloy slightly increases to 71.94 wt.%, CeNi3-type structure decreases to 19.67 wt.% and the CaCu5-type phase appears. Moreover, the further addition of Al promotes Ce2Ni7-type (Gd2Co7-type) to change to CaCu5-type phase. When the stoichiometric ratio of Al element is > 0.1, the Ce2Ni7-type (Gd2Co7-type) phase structure significantly decreases, and the CaCu5-type phase also significantly increases. This is consistent with the reports in references [9] and [24] .
RESULTS AND DISCUSSION
Alloy crystal structure
The cell parameters of all phases for each sample are listed in Table 2 . After substitution, both a and c cell parameters in the Ce2Ni7-type structure of alloys slightly increase, and the unit cell of the CaCu5-type phase stretches longer along c-axis. The c/a ratio is 0.7952, 0.7971, 0.8017 and 0.8031, respectively. Increases in the c/a ratio in CaCu5-type phase is related to lower rates of pulverization during hydrogenation/dehydrogenation cycle [27] . Here, the pulverization rate decreases as Al increases while the c/a ratio increases. Combining with WDS analysis and Rietveld analysis, the black area (A area) can be identified as CaCu5-type phase, the dark grey regions (B area) can be identified as Ce2Ni7-type (Gd2Co7-type) (RE,Mg)2Ni7 phase, the light grey area (C area) can be identified as CeNi3-type phase. This is also consistent with the XRD results. The activation curve of the alloy electrodes at 298K is shown in Fig. 4 . Table 3 lists the electrochemical performance parameters of the alloy electrodes at 298K. It can be found that Al element substitution has little effect on the activation rates of the alloy electrodes. All of alloy electrodes exhibit good activation characteristics after 2 to 4 charge/discharge cycles. However, the effect of Al element significantly reduces the discharge capacity of the alloy electrode. Depending on the amount of Al substitution, the discharge capacity is 363.9, 340.4, 321.5 and 257.9 mAh g -1 ,
respectively. These results are lower than the Al-free alloy. This is largely due to the shift of the main phase from Ce2Ni7-type (Gd2Co7-type) structure to CaCu5-type phase, i.e. from higher capacity to lower capacity. This result is different from the results obtained in AB2 [28] and AB5 [29] alloy electrodes, but consistent with La-Mg-Ni-based AB3-type alloy [24] . The La0.63Gd0.2Mg0.17Ni3.0-xCo0.3Alx (x = 0.0, 0.1, 0.2, 0.3, 0.4) alloy electrodes are subjected to 100 charge/discharge cycles. The discharge capacity retention curves are presented in Fig. 5 . The cycling stability of alloy electrodes is evaluated by making use of capacity retention rate after 100 charge/discharge cycles. The capacity retention at the 100 th cycle (S100) is defined as the ratio of C100/Cmax × 100% (where Cmax is the maximum discharge capacity and is C100 the discharge capacity at the 100 th cycles [19] ), and is listed in Table 3 . It can be found that the S100 of all alloy electrodes varied between 92.6% and 76.2%. Compared to the Al-free alloy, the cycling stability of alloy electrodes has been improved as expected. From the results it is indicated that the role of Al elements in AB3-type alloy is similar with that in AB5-type alloy [29] . So, the improvement should not only result from the refinement of the alloy surface, but also be due to the change of the pulverization rate of alloys. It is well known that pulverization is a fundamental reason for the capacity decay of the electrode alloys. Pulverization further causes severe oxidation. The anti-pulverization capability of the alloys basically depends on their grain size [30] . The order of c/a ratio of alloys is x = 0.4 > x = 0.3 > x = 0.2 > x = 0.1 and it is known that partial substituting Ni with Al elements can reduce the pulverization [31, 32] . The Al element should make contribution to the anti-pulverization.
Electrochemical kinetic characteristics
The high rate dischargeability (HRD) was measured at various discharge current densities of 300 mA g -1 , 600 mA g -1 and 900 mA g -1 on CHI660a electrochemical work station. The HRD can be defined as follows:
(1) where Cd is the discharge capacity at the various discharge current densities of 300 mA g -1 , 600 mA g -1
and 900 mA g -1 with the cutoff of -0.6 V VS Hg/HgO reference electrode, C60 is the maximum discharge capacity during activation. Fig. 6(a) shows the HRD curves of the alloy electrodes at various current densities. Table 3 lists the values of the HRD900 at a current density of 900 mA g -1 . It can be found that the high rate dischargeability is obviously deteriorated by the partial Al substitution. The HRD900 decreased from 75.2% to 61.4% as x increases from 0 to 0.4. Furthermore, we found that the x = 0.4 alloy with the highest abundance of AB5-type phase may have lowest HRD compared to Ce2Ni7-type phase. This is consistent with the reports in references [24] . The HRD of the nickel-metal hydride batteries is determined by the kinetic properties of hydrogenation/dehydrogenation reactions [33] . The kinetic properties are basically controlled with the diffusion of hydrogen atoms in the bulk phase of the alloys and the charge transfer rate of alloy surface. They are characterized by hydrogen diffusion coefficient (D0) and exchange current density (I0), respectively [34] . Fig.6 (b) shows the linear polarization curves of the La0.63Gd0.2Mg0.17Ni3.0-xCo0.3Alx alloys. According to the slope of linear polarization curve, I0 can be calculated as follows: I0 = RTId / (Fη) (2) where R is the gas constant, T is the absolute temperature, Id is the applied current density, F is the Faraday constant and η is the total overpotential. The I0 is summarized in Table 3 . It can be found that I0 decreases from 218.5 mA g -1 to 168.3 mA g -1 as x increase. Iwakura et al. [35] pointed out that if the electrochemical reaction on the alloy surface was rate-determining, a linear dependence of HRD on the exchange current density could be observed, while if the hydrogen diffusion in the alloy bulk was ratedetermining, the HRD would be constant irrespective of exchange current density. The relationship between the HRD900 and the I0 is shown in Fig. 6 (c) . It can be observed that the dependence of the HRD900 on the I0 is linearly fitted well and the error is calculated to be 0.0211, which is within the allowed error range. The electrochemical properties including Cmax and S100 of AB3. Based on the above analysis, it can be seen that the substitution of Al for Ni is harmful to the charge transfer on the alloy surface. The alloy of x = 0.1 shows the optimal cycling stability and kinetic properties.
CONCLUSIONS
1) Partial substitution of Al for Ni is beneficial to the formation of the CaCu5-type phase, which induces the main phase of alloys to shift from Ce2Ni7-type (Gd2Co7-type) structure to CaCu5-type phase.
2) All of alloy electrodes exhibit a good activation rate, and the discharge capacity is between 257.9 mAh g -1 and 371.1 mAh g -1 in dependence of the content of Al elements.
3) Function exploration of Al-substituted alloy indicates that the Al-substitution changes to the structure and the pulverization rates of alloys, the resulting superlattice alloys benefit from improved cycling stability and charge retention at the expense of inferior HRD. The x = 0.1 substituted alloy electrode has best the overall electrochemical performances of the alloy electrodes.
